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Abstract-Physical experiments were designed and conducted in the water channel to investigate the generation, propagation and shoaling of solitary waves over three different slopes. Firstly, an introduction to the experimental apparatus and the setting of experimental measurement was described. Then, systematic experiments of solitary waves shoaling over slopes were carried out to investigate influences of both the incident wave height and the slope on propagation and shoaling of solitary waves. The incident wave height of solitary waves measured in the present study was 0.06 m, 0.09 m and 0.12 m, and the slope was set with the gradient of 1:10, 1:15 and 1:20. Finally, the measured results were analyzed and discussed. The conclusion can be drawn that the maximum run-up of solitary waves and some breaking characteristics are related to the incident wave height and the gradient of the slope.
Index Terms-Shoaling, solitary waves, breaking, experiment, propagation.
I. INTRODUCTION
Tsunamis are sea surface gravity waves generated by largescale underwater disturbances, such as earthquake. They are commonly referred to as long waves and they are usually modeled by solitary waves in the shallow water. When tsunami wave propagates from abysmal sea to offshore region, because of the decrease in water depth, the wave height increases dramatically and sometimes forms a wall of water before breaking. The run-up, overturn and breaking of solitary waves are the most direct ways to damage the constructions near the offshore. The research on the propagation, shoaling and breaking of tsunami waves is significant to take precaution against natural disaster in offshore engineering.
Tsunami waves are complicated nonlinear waves due to the characteristics of tsunami waves varied as the water depth they propagated varied. So far, it is still a challenge for the present wave theories and numerical models to model the tsunami wave accurately for all regions from the deep sea to shallow sea. The breaking process of tsunami waves are also hard to analyze. Thus, physical experiments are utilized by modeling tsunami wave as solitary wave, and shoaling as well as breaking of the waves is measured. The most popular three generation methods of solitary waves both for experimental measurement and numerical simulation are summarized in [1] . There are: (1) a weight fall/slide to a water flume, (2) the flume bottom elevating suddenly, (3) piston-type wavemaker. Ippen and Kulin measured the shoaling and breaking of solitary waves through experiments [2] . Camfield and Street determined criteria for wave growth, celerity, and breaking height on various beach slopes [3] . They pointed out that there was no evidence of breaking for slope angles larger than 12. Li and Raichlen [4] [6] . The run-up of non-breaking and breaking solitary waves on plane impermeable beaches was investigated with a Lagrangian finite-element Boussinesq wave model by Zelt [7] . Wei, Kirby and Grilli computed surface wave propagation in coastal region by using a fully nonlinear Boussinesq model [8] . Some comparisons of numerical, analytical and physical prediction models were made using existing laboratory and field data [9] . Synolakis [10] , [11] reviews the numerical model used in tsunami and concludes the state-of-knowledge in tsunami science.
In the present study, a physical experiment is conducted at a water flume. Nine cases of solitary waves shoaling over the slopes with three wave heights and three bottom slopes are carried out. The characteristics of waves during propagation, shoaling and breaking of solitary waves are analyzed and discussed. Based on the measured data from the wave gauges and high-speed video cameras, the effects of both wave height and bottom slope on the shoaling of solitary waves are investigated. The cameras were set in the front of the breaking point, so there will be some error on the solitary profile far away from the breaking point. We neglect the refraction and the partial reflection caused by the glass wall and the bottom of the tank. It is a benefit for a physical insight into complicated wave phenomena of shoaling and breaking of a solitary wave over a mild slope. 
II. LABORATORY EXPERIMENTS

A. Experimental Model
As illustrated in Fig. 1 , the slope is set at the bottom of the flume to symbolize the beach. Setting of high-speed video cameras: one with higher resolution is set at x = 3.75 to capture the phenomenon of wave overturning with its record region from x = 3.0 m to 4.5 m, and x is the distance away from the toe of the slope. Another is set at x = 5.25 m, to capture the breaking of solitary wave with the record region from x = 4.5 m to 6.0 m. Six dividing rulers every 1.5 m of flume width are attached on the glass sidewalls for the convenience of reading and analyzing the elevation of the free surface recorded by the high-speed cameras.
Setting of wave gauges: the first gauge is set at 1.5 m in front of the slope, which is denoted as G1 (x G1 = -1.50 m), and the last gauge is always located close to the expected point of breaking. When the slope is set as 1:10, G1, G2, G3 and G4 have been used and their respective location is x G1 = -1.50 m, x G2 = 0 m, x G3 = 1.50 m, x G4 = 2.25 m. For the 1:15 slope, x G1 = -1.50 m, x G2 = 0 m, x G3 = 1.50 m, x G5 = 3.00 m, x G6 = 4.50 m. And the locations of wave gauges at 1:20 slope are: x G1 = -1.50 m, x G2 = 0 m, x G3 = 1.50 m, x G5 = 3.00 m, x G6 = 4.50 m, x G7 = 5.25 m.
B. Experimental Equipments
Experiments were conducted in a wave flume, which is 45.0 m long, 0.8 m wide and 1.0 m deep, in the Laboratory of Port, Coastal and Offshore Engineering, Changsha University of Science & Technology. As shown in Fig. 2 , constructed with glass sidewalls throughout and a wavemaker at the end of one side to generate solitary wave, the flume is also equipped with wave damping devices to absorb the reflection of waves. Six wave gauges are set up through the wave flume to measure the elevation of the free surface during the propagation and shoaling of a solitary wave over a slope. Whereas in the breaking and post-breaking regions, the wave profiles are captured by two high-speed video cameras. The pixel of two cameras are 12 million and 14.2 million pixels. The detailed setting of equipment is described in the following section. Table I ). 
C. Experimental Parameter
The water depth in the flume was h 0 = 0.3 m. The slope of the beach with a length of 10.0 m is adjustable and for these experiments it was set at 1:10, 1:15 and 1:20, respectively with the incident wave height H 0 = 0.06 m, 0.09 m, 0.12 m(
III. ANALYSIS AS A FUNCTION OF WAVE HEIGHT
Each experimental case was repeated at least three times and one set of experiments with high degrees of repeatability was chosen as the reliable data for the following analysis. For convenience, we use H610 to denote the experiment with a 0.06 m incident wave height over a 1:10 slope. Others are similar with this example. The water surface elevation H is normalized by a factor of H 0 . Fig. 3 shows the shoaling of solitary waves on a slope of S = 1:15, with three different incident wave heights H 0 = 0.06 m, 0.09 m, and 0.12 m. Surface elevations were measured by wave gauges at five different locations over the slope.
A. Shoaling of Solitary Waves
In Fig. 3(a) , at the location of 1.50 m away from the toe of the slope (x G1 = -1.50 m), the shape of solitary waves is symmetric and stable. Wave height stays approximately at 0.06 m, between x = 0 m and x = 3.00 m, the rise of H is not very apparent. In the distance between x = 3.00 m and x = 4.50 m, H has a sharp increase. With increase of the incident wave height H 0 = 0.09 m, H surges more dramatically from x = 1.50 m to x = 4.50 m than during x = 0 m and x = 1.50 m, which can be seen from Fig. 3(b) . It is obviously seen from the Fig. 3(c) that between x = 1.50 m and x = 3.00 m, water surface variation has a considerable increase, however, a steep decline happens when propagate to x = 4.50 m.
The figures show that solitary waves have a similar and stable profile for the different incident wave heights before shoaling. The higher the incident wave height, the wider the profile of the solitary wave is. For a given slope, an increase in the speed of propagation occurs as the incident wave height increases. The nonlinearity of solitary wave becomes strong during the wave propagating over a long and mild slope. Solitary waves become asymmetric and their crests steepen while shoaling up the slope. The front of solitary waves becomes steeper, until reaching the breaking point the front of the solitary wave becomes vertical whereas the back is increasingly smoother. Smaller waves have smoother crests and the profile is wider than the bigger ones.
The maximum of wave height measured by wave gauges is summarized in Table II, According to Fig. 4 , the maximum of free surface elevation at each gauge in case of H1215 is larger than H915; likewise the elevation in H915 is bigger than H615, since the nondimensional factor is the water depth h 0 . The conclusion can be drawn that on the same slope, the smaller the incident wave, the smaller the run-up is. In H1215, the elevation of the free surface measured by the wave gauges reached the peak value at x = 3.0 m then decreased quickly, which indicates the wave breaking occurred in this region. While in cases of H615 and H915, the wave height is still increasing around x = 3.0. It can be concluded that the breaking of the solitary wave occurs earlier as the incident wave height increased.
It can be seen from Fig. 5 , all waves reach the toe of the slope with a slightly larger height. Before the solitary wave reaching the slope, at x = -1.50 m both H915 and H1215 have a slight decrease of their initial wave height. H615 keeps a stable wave height for about 1.50 m until reaching the slope. For cases of H615 and H915, the curve changes mildly before x = 1.50 m, and finally mounts to the maximum point at x = 4.50 m. H1215 stabilizes at the initial wave height before x = 1.50 m, and followed by a considerable increase reaching the peak at x = 3.00 m, then drop down. Fig. 4 reveals that the breaking point of H615 and H915 occurs after x = 4.50 m, unlike H1215 breaks between x = 3.00 m to x = 4.50 m. Though H1215 breaking more rapidly, at x = 4.50 m, the wave height of H1215 is still larger than the smaller waves. After breaking, the wave height plunges dramatically.
B. Breaking of Solitary Waves
IV. ANALYSIS AS FUNCTION OF SLOPE 
A. Shoaling of Solitary Waves
As is shown in Fig. 7 , before reaching the slope, all the three H / H 0 have strong similarity in wave profile with a level of the wave height closing to 1.0. This phenomenon verifies the repeatability of the experiments, even in different slopes.
As mentioned in Fig. 3 , different incident wave heights cause different propagation velocity of the wave, while Fig. 6 shows that solitary waves over different slopes reach at the same wave gauge almost simultaneously, since the initial solitary waves are the same. So the slope may not influence the solitary wave in terms of velocity a lot, especially for the mild slope in the present study.
During the shoaling, the difference on water surface elevation caused by the slope is not very distinguished before the breaking which can be seen from Fig. 6 at x = -1.5 m, 0 m and 1.5 m. It also can be confirmed by Fig. 7 , H is similar with each other before x = 1.5 m. After x = 1.5 m, the apparent difference between the cases of different slopes can be found in Fig. 6 . On the steepest 1:10 slope, solitary wave breaks between x = 1.50 m to x = 2.25 m, and the breaking point of H915 occurs roughly at x = 4.50 m, whereas H920 breaks after x = 4.50 m. On the gentle slope, solitary wave would propagate for long distances before breaking.
For further investigating the characteristics of the solitary wave near the breaking point, Figs. 8-10 show the maximum wave height before the breaking point recorded by the video cameras. To show the profile clearly, we deepen the water surface. By reading the maximum wave height according to the ruler attached on the glass wall, table Ⅳ is summarized.
It can be seen that at the breaking point, the front of the wave has a vertical tangent and video data have the accordance with the data measured by wave gauges. Maximum height acquired by the video cameras (Table IV) exceeds the dada measured by wave gauges (Table III) since the wave gauge is not located at the actual breaking point.
B. Breaking of Solitary Waves
At the breaking point, Fig. 6(a) has the broader profile of solitary wave than Fig. 6(c) . This indicates that a significant decrease in the intensity of breaking takes place when the slope becomes gentler.
The breaking procedure of these experiments seems distinguished with each other. Over the steepest slope, solitary wave height decreases slightly after breaking. However, in H920, H jumps heavily after breaking point. On a gentle slope, in the post breaking region, the wave height decreases drastically over a short distance. 
V. CONCLUSION
Physical experiments were conducted in the water channel to investigate the generation, propagation and shoaling of solitary waves over slopes. Three wave heights of H 0 = 0.06 m, 0.09 m, 0.12 m and three slopes of 1:10, 1:15 and 1:20 were involved. The effects of both the incident wave height and the slope on offshore propagation and shoaling of solitary waves were investigated. The conclusion can be drawn that on the same slope, the run-up of solitary waves goes up and the breaking point occurs early as the incident wave height increased. For the same incident wave height, as the gradient of the slope decrease, the solitary wave propagates for a longer distance before breaking, and also a decrease in the intensity of breaking takes place.
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